We have recently reported that interleukin (IL)-15 and IL-2, which signal through IL-2R␤␥, oppositely regulate expression of the proinflammatory chemokine receptor CX3CR1. Here we delineate molecular mechanisms responsible for this paradox. By using a luciferase reporter plasmid, we identified a 433-bp region spanning the major transcriptional start point of human CX3CR1 that, when expressed in human peripheral blood mononuclear cells (PBMCs), possessed strong constitutive promoter activity. IL-2 and IL-15 treatment increased and abolished this activity, respectively, mimicking their effects on endogenous CX3CR1. IL-2 and IL-15 have been reported to also have opposite effects on the immunoregulatory transcription factor NFAT (nuclear factor of activated T cells), and the 433-bp region contains a B-like NFAT site. The effects of IL-15 and IL-2 on both CX3CR1 reporter activity and endogenous CX3CR1 transcription in PBMCs were abolished by the NFAT inhibitors cyclosporin A and VIVIT. Moreover, mutation of the B-like NFAT sequence markedly attenuated IL-2 and IL-15 modulation of CX3CR1 promoter-reporter activity in PBMCs. Furthermore, chromatin immunoprecipitation revealed that IL-15 promoted specific recruitment of NFAT1 but not NFAT2 to the CX3CR1 promoter, whereas IL-2 had the converse effect. This appears to be relevant in vivo because mouse CX3CR1 mRNA was expressed in both PBMCs and splenocytes from NFAT1 ؊/؊ mice injected with recombinant IL-15 but was undetectable in cells from IL-15-injected NFAT1 ؉/؉ BALB/c mice; as predicted, IL-2 up-regulated cx3cr1 in both mouse strains to a similar extent. Thus, by pharmacologic, genetic, and biochemical criteria in vitro and in vivo, our results suggest that IL-15 and IL-2 oppositely regulate CX3CR1 gene expression by differentially recruiting NFAT1 and NFAT2 to a B-like NFAT site within the CX3CR1 promoter. We propose that expression of CX3CR1 and possibly other immunoregulatory genes may be determined in part by the balance of NFAT1 and NFAT2 activity in leukocytes.
Leukocyte extravasation into inflamed tissue is coordinated by several families of differentially expressed chemoattractant and adhesive molecules. Fractalkine (or CX3CL1), a member of the chemokine family (1, 2) , is particularly interesting because it can function as either an adhesion molecule (3) (4) (5) (6) when expressed in a membrane-bound form on endothelial cells (7, 8) or as a soluble chemoattractant when cleaved at a membraneproximal region by the TNF-␣ 1 -converting enzyme (TACE/ ADAM17) (9, 10) or ADAM10 (11) . Both functions are governed by the distribution of CX3CR1, a specific seven transmembrane domain G protein-coupled receptor for fractalkine expressed on human peripheral blood CD8
ϩ (12) and CD4 ϩ perforin ϩ T cells (12, 13) , CD56 dim CD16 ϩ NK cells, NK-T cells (12, 14) , and CD14 low CD16 high monocytes (15) , as well as on mouse NK cells, NK-T cells, and monocytes (16, 17) . Moreover, blood monocytes can be divided in the mouse into two subpopulations as follows: the short-lived CCR2
ϩ Gr1 ϩ cells and the longer lived CCR2
Ϫ

Gr1
Ϫ cells, which have high and low levels of CX3CR1 expression, respectively (15, 17) . Chemotactic signaling by CX3CR1 is G protein-dependent, whereas CX3CR1-dependent adhesion to CX3CL1-expressing cells is not, whether tested under static conditions or in the context of physiologic flow (4 -6) .
Studies of cx3cr1 gene knockout mice, a defective CX3CR1 allele in man, as well as CX3CR1 immunodepletion in rodents have implicated the receptor in several diseases, including crescentic glomerulonephritis in rats (18) , cardiac allograft rejection in mice (19, 20) , NK cell-dependent anti-tumor responses in mice (21, 22) , and atherosclerosis in mouse (23, 24) and man (25, 26) . These studies imply that the risk of acquiring certain immunologically mediated/inflammatory diseases may depend in part on the level of leukocyte CX3CR1 expression and that blocking or down-modulating the receptor with drugs or biologics may be an effective treatment strategy in specific settings. In this regard, several recombinant cytokines, including TGF-␤1 (27) , IL-2, and IL-15 (28) , have been reported to modulate CX3CR1 expression. Of these IL-2 and IL-15 are particularly interesting because work in mouse, both in vitro and in vivo, has indicated that they have opposite effects on CX3CR1 expression, with IL-2 increasing it and IL-15 decreasing it (28) , despite the fact that both cytokines share the same receptor signaling chains, IL-2R␤ and IL-2R␥ c (29) . The same pattern has been observed with human peripheral blood lym-phocytes and NK cells in vitro (30) . 2 IL-2 and IL-15 also have quite distinct immunological functions. IL-15 plays a central role in the development and maintenance of NK cells, NK-T cells, TCR␦ ϩ lymphocytes, and memory T cells, as well as in the functional maturation of dendritic cells and macrophages (29, (32) (33) (34) , whereas endogenous IL-2 is a key growth and death factor for antigen-activated T lymphocytes and a developmental factor for regulatory T cells (28, (35) (36) (37) .
Negative regulation of CX3CR1 and potentially other chemokine receptors by IL-15 may be desirable in the setting of inflammatory disease but is undesirable in the setting of cell immunotherapy, for which IL-15 is being considered as an ex vivo NK cell growth factor for application in diseases such as cancer (33) and human immunodeficiency virus infection (38, 39) . The loss of CX3CR1 and possibly other chemokine receptors by cells cultured in IL-15 (30) would cripple their ability to migrate in vivo to disease sites expressing their ligands. IL-2 has for many years been used ex vivo to expand NK cells from PBMCs or tumor infiltrating lymphocytes for adoptive immunotherapy of cancer (40) , with limited success, possibly for a similar reason (41, 42) .
How these ␥ c cytokines stimulate distinct physiologic and pharmacologic responses through the same receptors is an interesting and unresolved question in immune cell signaling that could lead to new therapeutic targets (29, 32) . Both cytokines are known to activate the AKT pathway, the Ras mitogen-activated protein kinase pathway, and Jak-dependent pathways leading to STAT-3 and STAT-5 transcription factor activation (29) . However, they have opposing effects on the activity of nuclear factor of activated T cells (NFAT) (43) , a transcription factor implicated in transactivation of numerous immunomodulatory genes in leukocytes, including the chemokine genes CXCL8 and CCL3 (44, 45) . As with CX3CR1, IL-15 decreases NFAT activity, and IL-2 increases it (43) , which suggested to us that these effects may be connected mechanistically. It is important to note that the NFAT family has five members (45) . Most studies of NFAT1-4, the four immunologically relevant NFAT subtypes, have suggested that there is broad overlap and redundancy in their activities. NFAT1 and NFAT2 are the major subtypes expressed in T lymphocytes, and their relative abundance varies depending on the T cell subset in question. The specificity of IL-2 and IL-15 for activation of these various forms has not been investigated previously. Here we present pharmacologic, genetic, and biochemical evidence in vitro and in vivo that supports the hypothesis that IL-15 and IL-2 oppositely regulate CX3CR1 expression by differentially recruiting NFAT1 and NFAT2 specifically to an NFAT site in the CX3CR1 promoter.
EXPERIMENTAL PROCEDURES
Materials-Human recombinant IL-2 and IL-15 were from Roche Diagnostics and PeproTech (Rocky Hill, NJ), respectively. Phycoerythrin-conjugated mAbs directed against human CD4, CD8, CD56, and CD14 and phycoerythrin-conjugated isotype-matched control mAbs were from Pharmingen. Mouse mAbs recognizing rat, mouse, and human NFAT1 and NFAT2 were from Affinity Bioreagents (Golden, CO). Rabbit polyclonal Ab specifically recognizing phosphorylated serine residues was from Abcam Inc. (Cambridge, MA). The human pro-monocytic cell line U937 and RPMI 1640 culture medium were purchased from American Type Culture Collection (Manassas, VA). Cyclosporin A (CsA) and the 16-amino acid peptide MAGPHPVIVITGPHEE, commonly known as "VIVIT," were from Calbiochem. Restriction endonucleases MluI and XhoI were obtained from Fermentas Inc. (Hanover, MD).
Plasmid Construction and Mutagenesis-A 1278-bp fragment from nt 39,247,004 to 39,248,282 (NCBI Human Genome, build 34 version 3) of chromosome 3p21.3 was amplified by PCR from human genomic DNA using the 5Ј primer 5Ј-CGACGCGTAGAAAACTGCTGGTGGACT-TCTTCCA and the 3Ј primer 5Ј-CCTCGAGCCCACAGGTACCCAAC-TAGTCC. Cleavage sites for restriction enzymes MluI and XhoI were included in the primers (underlined sequences) to facilitate directional cloning into the corresponding sites of the promoterless firefly luciferase reporter plasmid pGL3-Basic (Promega, Madison, WI). The insert sequence of the resulting plasmid, named p1278-luc, was identical to the sequence found in NCBI, GenBank TM accession number AY016370. This 1278-bp gene region is located 13,422 bp upstream of the start of the CX3CR1 open reading frame (ORF) and was selected for analysis because we conducted an in silico analysis of all the available 5Ј-expressed sequence tags and mRNA sequences, and we determined this to be the likely site of the main promoter used in leukocytes. In the course of this work, two groups published slightly different versions of the genomic organization of CX3CR1 (46, 47) , both of which noted the location of a functional promoter within this 1278-bp region (Fig. 1) . A library of pGL3 plasmids containing portions of the 1278-bp fragment truncated at the 5Ј end was created by PCR using the 5Ј primers 5Ј-CGACGCGTTAATGAAGGTGTATTGAAGGCCACA, 5Ј-CGACGCG-TAGATATAGGGCAGGGCTTGAGGTGC, 5Ј-CGACGCGTCCCATGA-GCTCTCCCAGCTTCCTGAA, and 5Ј-CGACGCGTCGCAGTCTTCCCT-GAGGTTTAGATCT, paired with the same 3Ј primer used to clone the parent 1278-bp fragment. Each 5Ј primer contained a nested MluI site to facilitate cloning (underlined sequence). The resulting plasmids were named p1043-luc, p572-luc, p433-luc, and p287-luc according to the number of bp of the CX3CR1 promoter region that they contained. The 1278-bp sequence was analyzed by the TRANSFAC version 4.0 transcription factor data base (www.cbil.upenn.edu/cgi-bin/tess) for potential transcription factor binding sites. An NFAT site located between nt Ϫ298 and Ϫ291 of this gene region was scrambled (boldface/underlined sequence) using the mutagenesis primers: 5Ј-GCTCTCCCAGCTTCCT-GAATCGCGCCCATTAATGAGAGCTGATGT and 5Ј-ACAGTCAGCT-CATATGGGGCGCGATTCAGGAAGCTGGGAGAGC and the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA) according to the manufacturer's instructions. The resulting mutated pGL3-luciferase plasmid was named p433*-luc.
Cell Transfection-A nucleofector, a cell line nucleofector kit V, and a Human T cell nucleofection kit were purchased from Amaxa Biosystems (Cologne, Germany). Heparinized whole blood from healthy human donors was separated at room temperature by centrifugation at 1600 rpm for 30 min using lymphocyte separation medium (Cellgro, Mediatech Inc., Kansas City, MO). The intermediate layer containing lymphocytes and monocytes was harvested, washed once with PBS (Cambrex Bioscience Inc., Walkersville, MD), and resuspended in an equal volume of nucleofection solution containing a proprietary supplement from the human T cell nucleofector kit. Cell line nucleofector kit V was used for transfection of the human promonocytic cell line U937. 1 ϫ 10 6 U937 cells and 1 ϫ 10 6 PBMCs were incubated with 1.5 g of CX3CR1 promoter-firefly luciferase reporter plasmids or control plasmids (pGL3-luc, which contains the SV40 promoter was used as a positive control, and promoterless pGL3-Basic was used as a negative control) plus 0.25 g of a Renilla luciferase-expressing plasmid in a total volume of 100 l of the appropriately supplemented nucleofection solution, and were then nucleofected according to the instructions of the manufacturer. Following the procedure, the cells were immediately resuspended in 1 ml of RPMI 1640 prewarmed to 37°C and supplemented with 15% fetal calf serum and 2 mM L-glutamine. 24 h after transfection, cell viability was examined, and the cells were incubated with various concentrations of cytokines and inhibitors at 37°C for 12 h. All conditions were tested in triplicate.
Luciferase Assay-CX3CR1 promoter activity was measured by the dual-luciferase reporter assay system from Promega (Madison, WI), which has been designed to allow both firefly luciferase reporter and the transfection control Renilla luciferase reporter to yield linear assays with high sensitivities and no endogenous activity of either reporter in experimental host cells. Briefly, transfected cells were collected by centrifugation for 5 min at 1400 rpm, and supernatants were removed. Passive lysis buffer was added to the pellet which was lysed by passage 4 times through a 19-gauge needle. Cell lysates were cleared by a brief centrifugation at 5000 rpm, and supernatants were transferred to a fresh tube. A stabilized luminescent signal generated by firefly luciferase in 20 l of cell lysate was detected immediately upon addition of 100 l of luciferase assay reagent II and measured on a manual TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). After quantifying the firefly luciferase luminescence, this reaction was quenched, and the Renilla luciferase reaction was initiated upon addition of 100 l of Stop and Glo Reagent, which produced a stabilized Renilla luciferase signal.
Promoter activity is expressed as the adjusted luciferase intensity in relative light units (rlu), which is calculated as follows: firefly Luc ϫ (Renilla Luc/Renilla Luc max ), where Luc denotes luciferase luminescence.
RNA Analysis-Total RNA was extracted from 1 ϫ 10 6 human PBMCs after culture under various conditions for 12 h using the Qiagen RNeasy mini kit from Qiagen (Valencia, CA) according to the manufacturer's instructions. Total RNA was also isolated from 0.5 ϫ 10 6 mouse PBMCs and splenocytes using the same technique. Prior to reverse transcription, RNA was treated with RNase-free DNase I following the manufacturer's protocol. Total RNA (1 g) was used for the synthesis of cDNA using the Superscript First Strand Synthesis System from Invitrogen in the presence of 40 units/l recombinant RNasin (Promega, Madison, WI). Reverse transcription was performed for 120 min at 37°C and stopped by heating the samples for 10 min at 72°C. Unique primer sets for human ␤-actin, human and mouse CX3CR1, and mouse ␤ 2 -microglobulin were designed, based on sequences deposited with the NCBI, and were synthesized by Invitrogen. PCR was performed using AmpliTaq Gold DNA polymerase with the GeneAmp PCR Gold buffer system (Applied Biosystems, Foster City, CA). PCR conditions for human ␤-actin and CX3CR1 were as follows: 95°C for 9 min, followed by 30 cycles of 1 min at 95°C, 45 s at 57°C, and 1.5 min at 72°C, with a final extension at 72°C for 10 min. PCR conditions for mouse ␤ 2 -microglobulin and mouse cx3cr1 were as follows: 95°C for 9 min, followed by 35 cycles of 1 min at 95°C, 45 s at 61°C, and 1.5 min at 72°C, with a final extension at 72°C for 10 min. PCR conditions were optimized to allow for semi-quantitative comparison of the results. The plateau for amplification of human CX3CR1 mRNA was 35 cycles; however, maximum amplification of mouse cx3cr1 message was reached at 38 cycles. Expected sizes of the amplified PCR products were 500 bp The gene organization shown is based on two previous reports (46, 47) . Note that exons 2-4 have been renamed relative to these two reports, because each group found one exon not found by the other. All mature transcripts reported to date consist of one of the first 4 exons spliced to exon 5. The most common transcript reported is the E3/E5 splice which is why we focused on the P2/P3 CX3CR1 genomic region. The gene regions tested in the bottom panel are indicated by the arrows and are named as indicated to the right of each arrow; the sequence landmarks are enumerated relative to the first nucleotide in the ORF, which is given number ϩ1. P#, region reported to have promoter activity; boxes, exons; lines, introns; tsp, major transcriptional start point; shaded box, untranslated portions of exon 5. B, promoter activity of full-length and 5Ј-truncated portions of the 1278-bp CX3CR1 promoter region (p1278) in PBMCs and U937 cells. pGL3 plasmids with the indicated inserts upstream of the firefly luciferase gene were transfected into the cell type indicated above each panel, and constitutive luciferase activity was measured. Reporter expression is given as the relative light units (rlu) as defined under "Experimental Procedures." The results shown are pooled from three experiments each done in triplicate and are presented as the mean Ϯ S.E.
for ␤-actin, 310 bp for human CX3CR1, 220 bp for ␤ 2 -microglobulin, and 410 bp for mouse cx3cr1.
Chromatin Immunoprecipitation-Transcription factors regulated by IL-15 and IL-2 that interact with the CX3CR1 promoter in vivo were determined by using a kit from Active Motif (Carlsbad, CA) according to the methods recommended by the manufacturer. Stimulated PBMCs were fixed in 37% formaldehyde, disrupted by Dounce homogenization on ice in a lysis buffer containing protease inhibitors supplied by the manufacturer. Cellular DNA was sheared using a Branson Sonifier 450 sonicator (Pierce) with a 3-mm stepped microtip at 25% power, 10 pulses of 5 s each, and 30 s of rest on ice. Precleared chromatin, referred to as input DNA (500 ng), was immunoprecipitated by using 4 g of mAbs directed against NFAT1 or NFAT2, an isotype control mouse IgG1, or 1.5 g of polyclonal rabbit TFIIB Ab (Active Motif, Carlsbad, CA). RNA was removed from the immunoprecipitate by incubation with RNase A. DNA-binding proteins were removed by treatment with proteinase K, and the DNA was then purified by phenol/chloroform/ isoamyl alcohol extraction (25:24:1; Sigma). To detect whether the 433-bp region of the CX3CR1 promoter coimmunoprecipitated with NFAT1 and NFAT2, DNA purified from immunoprecipitates was amplified by PCR using human CX3CR1 promoter-specific primers: 5Ј-ATGAGCTCTCCCAGCTTCCT and 5Ј-ATCTTTAGATGCTGCCA-
FIG. 2. IL-15 and IL-2 modulate CX3CR1 promoter reporter activity in human PBMCs.
A-D, freshly isolated human PBMCs were transfected with the indicated luciferase reporter plasmids and 24 h later were stimulated for an additional 12 h with the indicated concentration of IL-2 or IL-15. Luciferase activity, expressed in rlu, was then measured in cell lysates. The results shown are pooled from three experiments each done in triplicate and are presented as the mean Ϯ S.E. E, neither cytokine affects the relative proportion of CD4-, CD8-, CD14-, and CD56-positive cells in human PBMCs. Human PBMCs were stimulated for 12 h with IL-15 (100 ng/ml) or IL-2 (100 units/ml) or were unstimulated (Ϫ). Data presented are expressed as the % of total cells positive for CD4, CD8, CD56, or CD14. The data shown represent the mean Ϯ S.E. of results from three different donors.
CAGG. These primers amplify a 244-bp fragment containing the NFAT site of interest. PCR conditions were as follows: 95°C for 3 min, followed by 30 cycles of 20 s at 94°C, 30 s at 59°C, and 30 s at 72°C. The appropriate number of cycles was determined empirically by monitoring the amplification efficiency of the input and immunoprecipitated DNA at 25, 27, 30, 35, and 40 cycles. The plateau stage for amplification of immunoprecipitated DNA was 40 cycles and for the input DNA was 35 cycles. As recommended by the manufacturer, the positive control for chromatin immunoprecipitation analysis was detection of a 166-bp GAPDH promoter fragment that constitutively immunoprecipitates with TFIIB Ab. To determine the specificity of monoclonal NFAT Abs, we tested the ability of the 244-bp CX3CR1 promoter region to immunoprecipitate with mouse IgG1.
Protein Immunoprecipitations-Human PBMCs were isolated by centrifugation from freshly prepared leukopaks using lymphocyte isolation medium as described above. 10 7 cells were unstimulated or stimulated with 100 ng/ml IL-15 or 100 units/ml IL-2 for 12 h. As a positive control for NFAT activation, which requires serine dephosphorylation of the target protein, cells were treated for 2 h with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) plus 10 ng/ml A23187 (Calbiochem). Costimulation of PBMCs with PMA and A23187 that lasted longer than 2 h resulted in cell death; therefore, 2-h costimulations were used as a control for stimulus-induced dephosphorylation of endogenously expressed NFATs. Following stimulation cells were collected by centrifugation at 1400 rpm for 10 min, washed twice in ice-cold TBS (pH 7.4), and lysed on ice by Dounce homogenization in lysis buffer containing 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM NaF, 2 mM Na 3 VO 4 , 0.1% SDS, 0.1% digitonin, 0.1% Nonidet P-40, 0.05% sodium deoxycholate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 1 tablet of complete protease inhibitors containing serine and cysteine protease blockers (Roche Applied Science). Cell lysates were sedimented for 5 min at 4000 rpm, supernatants transferred into fresh Eppendorf tubes, target proteins immunoprecipitated for at least 5 h with 6 g of NFAT1 or NFAT2 mAbs or alternatively with 6 g of mouse IgG1, which was used as an isotype control in immunoprecipitation of NFAT target proteins. The immune complexes were concentrated overnight at 4°C by addition of 50 l of protein G-agarose beads (Roche Applied Science). The immunoprecipitates were washed twice with ice-cold low salt wash buffer containing 10 mM Tris-HCl (pH 7.5), 0.1% Nonidet P-40, 0.05% sodium deoxycholate, and 1 tablet of complete protease inhibitors and eluted from the agarose beads by addition of 50 l of 1ϫ SDS-PAGE sample buffer (Bio-Rad). Immunoprecipitated proteins were separated on 8% SDS-PAGE gel, transferred onto nitrocellulose membranes, and membranes probed with NFAT1 (1:1500) or NFAT2 (1:1000) mAbs to determine the amount of immunoprecipitated target proteins. However, to investigate the amount of serine-phosphorylated NFAT1 and NFAT2, blots were stripped and re-probed with polyclonal rabbit anti-phosphoserine Ab at 1:1000 dilution. were bred and maintained under specific pathogen-free conditions, and all experiments were performed in compliance with the relevant laws and institutional guidelines that apply in the Animal Care and Use Committee protocol used in the Tuberculosis Research Section, Laboratory of Immunogenetics, NIAID, National Institutes of Health. Seven-month-old female NFAT1
Analysis of IL-2 and IL-15-mediated NFAT Activity in
Ϫ/Ϫ mice back-crossed to BALB/c for 7 generations and then mated with male NFAT1 Ϫ/Ϫ (48, 49) and agematched female NFAT1 ϩ/ϩ BALB/c mice were separated into 8 groups of 3 and injected in the tail vein with a single dose of recombinant human IL-15 (2 g in 200 l of PBS per mouse), or with recombinant human IL-2 (50,000 units in 200 l of PBS per mouse), or with the same volume of sterile PBS. Total RNA was isolated from splenocytes, and PBMCs were isolated from animals sacrificed 24 h after injection. All tissues sampled from wild type and NFAT1 Ϫ/Ϫ mice were evaluated for expression of mouse cx3cr1 by RT-PCR as described above.
RESULTS
Identification of a Strong Functional CX3CR1 Promoter in
Human PBMCs-Sequence analysis of cloned cDNAs, 5Ј-RACE products, and human genomic DNA has shown that CX3CR1 is ϳ17 kb in length and consists of five exons and four introns on chromosome 3p21.3. The complete 1068-bp ORF, ϳ1946 bp of the 3Ј-untranslated region (UTR), and 9 bp of the 5Ј-UTR reside together on exon 5. The remaining 476 bp of the 5Ј-UTR reside on four other exons (Fig. 1A , top panel) which are differentially spliced to exon 5 to form five distinct mRNA forms. The major RNA species is the one composed solely of exons 3 and 5. Thus, the major transcriptional start point (tsp) is located 13,532 nt 5Ј from the start of the ORF (47) . A potential TATA box can be found 28 bp upstream of exon 3. Two groups have analyzed the 5Ј-flanking region of CX3CR1 in model promoterassay systems based on expression of luciferase as a reporter and identified weak constitutive activity upstream of exon 4, moderate constitutive activity upstream of exon 1, and strong constitutive activity upstream of exon 3 (46, 47) . Most interestingly, the promoter activity of the gene region upstream of exon 3 was greatly enhanced when it was extended 3Ј to include all of exon 3 (46) . One significant limitation of these studies is that they were performed only in hematopoietic (THP-1, U87, HL-60, and Jurkat) and nonhematopoietic (HEK and HeLa) cell lines and not in primary cells. From the perspective of the present study, the effect of IL-2 and IL-15 on CX3CR1 expression in these cell lines is not known, and may not be physiologically relevant. Therefore, we attempted to develop a model system for promoter analysis of CX3CR1 in freshly isolated PBMCs from randomly selected healthy human donors.
We initially focused on a 1278-bp region of CX3CR1 (39,248,282 to 39,247,004 nt, NCBI Human Genome, build 34, version 3) which includes the 3Ј-most 849 bp of intron 1, all of exon 2 (97 bp), all of intron 2 (222 bp), all of exon 3 (78 bp), and 32 bp of intron 3 sequence immediately 3Ј relative to exon 3 (Fig. 1A, bottom panel) . This fragment, named p1278, was cloned upstream of a luciferase reporter cassette and was introduced by nucleofection into primary PBMCs as described under "Experimental Procedures." Luciferase activity in PBMCs transfected with promoterless pGL3-Basic, a negative control plasmid (Ϫ), was very low and was increased by ϳ10 (Fig. 1B) . The relative activity was consistent in PBMCs from at least six independent healthy randomly selected donors. We next tested four fragments, named p1043, p572, p433, and p287, produced by serially truncating p1278 at the 5Ј end (Fig. 1A) . All four fragments were highly active in the PBMC/luciferase reporter system. p572 and p1043 had activity similar to p1278, and when the fragment was further shortened to 433 bp, activity was consistently 3-fold higher, suggesting the removal of a negative element. Further truncation to 287 bp gave a fragment with activity equivalent to the positive control, double that of p1278, but ϳ20% reduced relative to p433 (Fig. 1B) . Thus, p433 contains the strongest constitutive promoter activity of the series in PBMCs. Of note, we also tested this library of fragments in U937 cells, which most closely resemble the monocyte immunophenotype and express low levels of CX3CR1 (50), and we found that they were all active in the same rank order as in PBMCs but with markedly reduced absolute activity (Fig. 1B) .
IL-15 and IL-2 Oppositely Regulate CX3CR1 Promoter Activity in Human PBMCs-We next tested whether IL-2 and IL-15 are able to modulate the constitutive activity of these five promoter regions. Freshly isolated PBMCs were transfected with the CX3CR1 promoter constructs and 24 h later were stimulated for an additional 12 h with 100 ng/ml IL-15 or 100 units/ml IL-2. Neither cytokine affected the level of luciferase activity in cells transfected with promoterless or SV40 control plasmids. In contrast, both cytokines modulated CX3CR1 promoter activity but in opposite directions ( Fig. 2A) . Specifically, IL-15 suppressed luciferase activity in cells transfected with any one of the five CX3CR1 promoter fragments. The suppressive effect was most prominent (3-fold) if reporter expression was driven by p433 and was the weakest for p287. In contrast, IL-2 up-regulated the reporter activity of p433, p572, p1043, and p1278 by 40 -140%, respectively, but had no effect on p287 ( Fig. 2A) .
Because both cytokines rapidly and robustly altered the activity of p433, we selected this region for more detailed analysis. IL-15 treatment reduced p433 activity in a concentrationdependent manner (Fig. 2B) . The threshold for inhibition was ϳ0.05 ng/ml, and the maximal reduction observed, 70% of base line, occurred at a concentration of 500 ng/ml (Fig. 2B) . The IC 50 was ϳ5 ng/ml. IL-2 up-regulation of p433 activity in PBMCs was also concentration-dependent, with a threshold between 0.5 and 5 units/ml. The maximal stimulation observed, 2.2-fold over unstimulated control, occurred at 1000 units/ml (Fig. 2C) . The EC 50 value for IL-2 in our assay was 30 units/ml. The reported EC 50 for IL-2 determined by cytolytic activity of cytokine-stimulated peripheral blood lymphocytes from healthy donors is 20.2 Ϯ 1.3 units/ml (51) . As presented in Fig.  2D , the highest tested concentrations of IL-15 (500 ng/ml) and IL-2 (1000 units) had no effect on reporter activity in cells transfected with positive or negative control plasmids. Based on these results, we stimulated cells with 100 ng/ml of IL-15 or 100 units/ml of IL-2 for 12 h in all of the experiments that follow. Because both cytokines are known to induce proliferation of primary lymphocytes (32), we also checked whether the alterations in luciferase activity mediated by IL-15 and IL-2 were associated with differential changes in the distribution of cell subsets relative to the initial population of PBMCs. As shown in Fig. 2E , our stimulation protocols with IL-2 and IL-15 resulted in the same distribution of cell subsets that express CX3CR1, namely CD4-, CD8-, CD14-, and CD56-positive cells.
NFAT-directed Inhibitors Prevent IL-15-and IL-2-mediated Modulation of CX3CR1 Expression-
We next investigated the signaling mechanisms responsible for the effects of IL-2 and IL-15 on CX3CR1 promoter activity. We hypothesized that the transcription factor NFAT may play a role because IL-15 and IL-2 have been reported to oppositely regulate NFAT in the human T cell line Jurkat (43) . Moreover, we noted by computational analysis using the TRANSFAC version 4.0 transcriptional factor data base that p1278 has seven NFAT recognition sequences, all of them located within 750 bp upstream of the tsp. Of these only two fall within p433, at positions Ϫ64 and Ϫ298 relative to the tsp (Fig. 3) . The putative Ϫ64 NFAT site, which was originally noted by Garin et al. (46) , appears to be a core sequence (AGGAAAC) present in promoters of several immunoregulatory genes critically regulated by NFAT. It is the only one of the seven predicted NFAT sites in p1278 that falls within p287, which is the only fragment of p1278 that was insensitive to IL-2. This fragment also had little sensitivity to IL-15 ( Fig. 2A) . Thus, this site by itself was not a good candidate to mediate the effects of IL-2 and IL-15, and we decided to focus on the Ϫ298 NFAT site (AGGCTCCC), which has not been reported previously, and is the only NFAT site present in p433 but not in p287. This site can be described as a quasipalindromic B-like element (45) . Most interestingly, it is flanked by c-Jun/AP-1-like sequences 14 nucleotides upstream (TGAGCTCC) and 15 nucleotides downstream (TGCTGTGC), which are known to bind transcription factors able to interact with NFAT at functional NFAT sites (45) .
We first tested the putative functional role of NFAT pharmacologically, by culturing p433-transfected human PBMCs for 12 h in the presence of IL-15 (100 ng/ml) or IL-2 (100 units/ml) plus increasing concentrations of the NFAT inhibitors CsA and VIVIT. Neither CsA, which prevents activation of NFAT by inhibiting activity of the upstream Ca 2ϩ -dependent phosphatase calcineurin (52), nor VIVIT, which prevents activation of NFAT by hindering its physical association with calcineurin (53), altered the constitutive activity of positive and negative control plasmids or p433 at any dose tested (Fig. 4, A  and C) . In contrast, CsA in a dose-dependent fashion markedly reversed both the inhibitory effect of IL-15 and the stimulatory effect of IL-2 on p433 activity (Fig. 4, B and D) . VIVIT was slightly less efficient than CsA in reversing IL-15 action (Fig. 4B ) but was as effective as CsA in reversing IL-2 action (Fig. 4D) .
We next tested whether these NFAT-directed inhibitors could also reverse the effects of IL-2 and IL-15 on endogenous CX3CR1 gene expression in human PBMCs. Consistent with the p433-reporter system results, IL-15 decreased constitutive CX3CR1 expression by a factor of 3.4 (Fig. 5, A and B) , whereas IL-2 up-regulated receptor mRNA 1.7-fold (Fig. 5, C and D) . Consistent with the p433 experiment in Fig. 4 , neither CsA nor VIVIT affected constitutive expression of endogenous CX3CR1 in PBMCs, suggesting that constitutive expression of CX3CR1 is NFAT-independent. Neither inhibitor was able to induce CX3CR1 expression in polymorphonuclear leukocytes where it is normally silent (Fig. 5) . The mRNA levels of the housekeeping gene ␤-actin were unaffected by cytokine and inhibitor exposure whether alone or in combination (Fig. 5, A and C) . In striking contrast to these controls, both inhibitors, at concentrations that were maximally effective in the p433/PBMC model system, were able to prevent completely IL-15 inhibition and IL-2 stimulation of endogenous CX3CR1 expression in PBMCs (Fig. 5) .
The Ϫ298 NFAT Site Regulates CX3CR1 Promoter ActivityTo evaluate these pharmacological results at the molecular level, we scrambled the Ϫ298 NFAT site in p433 (Fig. 6A) . The resulting fragment, named p433*, retained constitutive promoter activity in PBMCs at a level equivalent to wild type p433. In contrast, the ability of IL-15 to suppress p433* activity was markedly decreased relative to its effects on wild type p433 activity (23 versus 77% inhibition, respectively) (Fig. 6B) . Like- FIG. 6 . IL-15 and IL-2 reciprocally regulate CX3CR1 promoter activity in an NFAT-dependent manner, genetic analysis. A, B-like NFAT site mutagenesis. The p433 CX3CR1 promoter region was mutated at its predicted Ϫ298 B-like NFAT-binding site as illustrated and was named p433*. E3 represents the third exon, and tsp determines positioning of the major transcriptional start point in human CX3CR1. B, functional analysis of p433*. Human PBMCs transfected with either wild type p433-luc or p433*-luc reporter plasmids were cultured for 12 h in the presence or absence of IL-15 (100 ng/ml) or IL-2 (100 units/ ml). Luciferase activity was then measured in cell lysates. Data are presented as the mean Ϯ S.E. rlu from three independent experiments carried out in triplicate using three independent donors. wise, IL-2-stimulated reporter activity was decreased by 65% in cells expressing p433* compared with cells expressing wild type p433 (Fig. 6B) .
NFAT1 and NFAT2 Differentially Interact with the CX3CR1 Promoter in Intact Human
PBMCs-Although the data presented so far strengthen the hypothesis that IL-2 and IL-15 regulate CX3CR1 promoter activity in an NFAT-dependent fashion, they do not directly demonstrate NFAT interaction with the endogenous CX3CR1 Ϫ298-NFAT binding site nor do they explain how IL-2 and IL-15 exert opposite effects on CX3CR1 promoter activity. To address these issues we performed chromatin immunoprecipitation assays by using NFAT1 and NFAT2 mAbs and human CX3CR1 promoter-specific primers, which were designed to amplify a genomic region Ϫ74 to Ϫ318 relative to the tsp, on human PBMCs cultured in the presence or absence of IL-2 or IL-15. The 244-bp target fragment did not coimmunoprecipitate with NFAT1 in unstimulated PBMCs (Fig. 7, A and B) . However, in IL-15-stimulated PBMCs NFAT1 efficiently coimmunoprecipitated with the target in a time-dependent fashion (Fig. 7, A, top panel, and  B, black bars) . In contrast, IL-15 very inefficiently recruited NFAT2 to the same target DNA, such that a very weak PCR signal could only be detected after 12 h of stimulation (Fig. 7, A,  middle panel, and B, white bars) . In contrast to IL-15, IL-2 FIG. 7. IL-2 and IL-15 differentially regulate NFAT1 and NFAT2 binding to the CX3CR1 promoter in intact PBMCs. A and C, chromatin immunoprecipitation of NFAT1 and NFAT2. Human PBMCs were cultured for the indicated time in the presence of IL-15 (100 ng/ml) or IL-2 (100 units/ml) in A and C, respectively. Cells were then analyzed by chromatin immunoprecipitation (IP) using 4 g of mAbs to mouse NFAT1 (top panels) or NFAT2 (middle panels) or with an equivalent amount of isotype matched control Ab, mouse IgG1 (bottom panels). Immunoprecipitated DNA was analyzed by PCR using human CX3CR1 promoterspecific primers that amplify a 244-bp region containing the B-like NFAT site and no others. Each panel displays one experiment representative of 3-4 that were performed. Input DNA represents DNA purified from chromatin that has not been immunoprecipitated. M, 100-bp ladder markers. B and D, densitometry analysis of experiments illustrated in A and C, respectively. The results shown are pooled from 3 to 4 experiments using PBMCs from 3 to 4 independent donors and are presented as the mean Ϯ S.E. E, NFAT1 and NFAT2 mAb specificity controls. The TATA box region of the promoter of the GAPDH gene was detected by PCR in chromatin immunoprecipitated by TFIIB mAb from human PBMCs, but the amount was not altered by treatment of the cells with either IL-15 or IL-2 (top two panels). The TATA-box containing GAPDH promoter was not detected by PCR in immunoprecipitates using NFAT1 or NFAT2 mAb from cells treated with either IL-2 or IL-15 (bottom four panels). Results shown in E are representative of two separate experiments.
induced very poor binding of NFAT1 to this genomic region (Fig. 7, C, top panel, and D, black bars) . Instead, IL-2 very efficiently and rapidly induced a complex with NFAT2. Results of PCR amplification presented in Fig. 7C (middle panel) show that the target region of the CX3CR1 promoter was not detectable in NFAT2 immunoprecipitates from unstimulated PBMCs, whereas maximum complex formation occurred 8 h after cytokine addition and persisted for at least 12 h (Fig. 7, C,  middle panel, and D, white bars) . Binding of NFAT1 and NFAT2 with the endogenous proximal CX3CR1 promoter was specific because no PCR product was obtained when isotype control (mouse IgG1) (Fig. 7, A and C, bottom panels) or control TFIIB mAb were used in immunoprecipitations (Fig. 7E, top  panel) or, alternatively, when chromatin immunoprecipitated using NFAT2 mAb (Fig. 7E, middle panel) or NFAT1 mAb (Fig.  7E, bottom panel) was amplified with primers specific for unrelated NFAT-independent genes, such as GAPDH (Fig. 7E) . The absence of NFAT proteins on the target DNA in unstimulated PBMCs (Fig. 7, A-D) is consistent with the lack of an effect of CsA and VIVIT on constitutive CX3CR1 expression in leukocytes (Fig. 5) .
Binding of NFATs to DNA target sequences implies that the proteins have been activated by dephosphorylation of serine residues in the regulatory domain (45) . To address this directly in the case of IL-2-and IL-15-mediated activation of NFATs, we immunoprecipitated NFAT1 and NFAT2 from unstimulated and cytokine-stimulated PBMCs, and we determined the amounts of phosphorylated serines in target proteins. As shown in Fig. 8 , IL-15 stimulation decreased steady state NFAT1 serine phosphorylation by 58%, and the effect of IL-15 was comparable with the change in NFAT1 phosphorylation status induced by the positive control, PMA plus A23187. Consistent with the chromatin immunoprecipitation results, IL-2 stimulated a weaker reduction (ϳ 20%) in NFAT1 serine phosphorylation. Cytokine stimulations and PMA plus A23187 costimulations up-regulated NFAT2 expression 3.2-fold compared with levels of NFAT2 expressed in resting PBMCs (Fig.  8C) . Moreover, both cytokines reduced the total amount of steady state serine-phosphorylated NFAT2 compared with the amount of serine-phosphorylated NFAT2 in unstimulated PBMCs (Fig. 8D) . However, IL-2 decreased serine phosphorylation of NFAT2 by 80% which was equivalent to the impact of PMA and A23187 costimulation on NFAT2 dephosphorylation, whereas IL-15 reduced serine phosphorylation of NFAT2 to a lesser extent, ϳ 53% respectively (Fig. 8, C and D) . This differential activity is consistent with the differential chromatin immunoprecipitation results described previously.
IL-15-induced Down-regulation of CX3CR1 Is NFAT1-dependent in Vivo-
The proximal 325 bp of the CX3CR1 promoter that associates with NFAT1 and NFAT2 shows 57% sequence identity with the corresponding region of the mouse genome. Furthermore, this region in the mouse contains two putative B-like NFAT sites that are positioned 60 and 278 nucleotides upstream of the predicted tsp (Fig. 9) . Therefore, we sought to confirm that NFATs are differential transcription factors in the regulation of CX3CR1 expression in vivo by examining IL-15-and IL-2-mediated regulation of mouse cx3cr1 in NFAT1 Ϫ/Ϫ mice. NFAT1
Ϫ/Ϫ and NFAT1 ϩ/ϩ BALB/c mice were injected with a single dose of human IL-15 (2 g per mouse) or IL-2 (50,000 units per mouse), and expression of mouse CX3CR1 mRNA was analyzed in PBMCs and splenocytes 24 h later. We were able to detect equivalent amounts of CX3CR1 and ␤ 2 -microglobulin mRNA in spleen and PBMCs from noninjected control NFAT1
Ϫ/Ϫ and NFAT1 ϩ/ϩ BALB/c mice (Fig. 10, top  panels) . The exogenous ␥ c cytokines did not alter ␤ 2 -microglobulin expression; however, IL-15 abolished and IL-2 markedly increased CX3CR1 mRNA in both PBMCs and splenocytes (Fig. 10) from NFAT1 ϩ/ϩ BALB/c mice, which is consistent with our previous report (28) . In comparison, IL-15 was less effective in down-regulating cx3cr1 expression in both PBMCs (100 ver-
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sus 63% compared with PBS-injected mice) and splenocytes (62 versus 24% compared with PBS-injected animals) from NFAT1 Ϫ/Ϫ mice (Fig. 10) . Consistent with the hypothesis that IL-2 stimulation of cx3cr1 expression is dependent on NFAT2 and not NFAT1, as suggested by our results using human PBMCs, we did not observe any difference in IL-2-stimulated CX3CR1 mRNA expression in either PBMCs or splenocytes between wild type and NFAT1 Ϫ/Ϫ mice injected with IL-2 ( Fig.  10) . NFAT2 Ϫ/Ϫ mice die during embryogenesis and therefore cannot be used to test our hypothesis further in vivo (54) . DISCUSSION This study demonstrates that the ␥ c cytokines IL-15 and IL-2 oppositely regulate expression of the chemokine receptor CX3CR1 in primary leukocytes through a related transcriptional mechanism involving the major immunoregulatory transcription factor family NFAT. This work provides novel insight into the biochemical mechanism underlying our unexpected observation in the mouse (28) , confirmed by ourselves and others in human (30) , 2 that IL-2 increases, whereas IL-15 silences, constitutive CX3CR1 expression.
Implication of NFAT in this pathway rests on the following evidence drawn from a series of pharmacologic, biochemical, and genetic experiments. First, the 1168-bp region upstream of the main human CX3CR1 tsp contains a functional promoter and seven predicted NFAT-binding sites. This is the first demonstration that this region functions in primary leukocytes as a FIG. 8 . IL-15 and IL-2 preferentially activate NFAT1 and NFAT2, respectively. A and C, NFAT1 and NFAT2 were immunoprecipitated from 10 7 human PBMCs that were either unstimulated (2nd lane) or treated for 12 h with 100 ng/ml of IL-15 (3rd lane) or 100 units/ml of IL-2 (4th lane) or, alternatively, were stimulated for 2 h with 10 ng/ml of PMA ϩ 10 ng/ml of A23187 (5th lane), and the amounts of total NFAT1 and NFAT2 (top panels) and serine-phosphorylated NFAT1 or NFAT2 (P-Ser NFAT1/P-Ser NFAT2; bottom panels) were determined by sequential Western blot (WB) analysis with NFAT1, NFAT2, and phosphoserine-directed Abs as indicated. Immunoprecipitation (IP) of proteins by mouse IgG1 (1st lane) was used as a negative (isotype Ab) control in immunoprecipitation of NFAT target proteins. B and D, quantitation of the results shown in A and C, respectively. Densitometry was performed on each Ser-P (P-Ser) NFAT1/NFAT2 protein band adjusting each for the corresponding NFAT1/NFAT2 signal.
promoter, which extends results for this region by using model promoter assays in U937, THP-1, and Jurkat cell lines (46, 47) . We have also identified for the first time what we have named the Ϫ298 NFAT site, which is located in the proximal CX3CR1 promoter. Second, two pharmacologic inhibitors of NFAT, CsA, which blocks the essential NFAT activator calcineurin (52) , and VIVIT, a targeted NFAT inhibitor (53), both inhibited IL-2-and IL-15-regulated expression of both endogenous CX3CR1 and CX3CR1 promoter-luciferase minigene reporter activity in human PBMCs. Third, direct mutagenesis of the predicted Ϫ298 NFAT site in the CX3CR1 promoter markedly reduced the ability of IL-2 and IL-15 to regulate CX3CR1 promoterreporter activity in human PBMCs. Thus, NFAT appears capable of both activating and silencing the same gene, depending on the cell stimulus.
Further mechanistic insight into this paradox came from chromatin immunoprecipitation experiments in which we found that stimulation of human PBMCs with IL-2 and IL-15 caused selective physical recruitment of NFAT1 and NFAT2, respectively, to the proximal promoter region containing the Ϫ298 NFAT site. DNA-binding sites for NFAT are classified into two major groups, classic NFAT sites and B-like sites (45) . The Ϫ298 NFAT site we have analyzed is a B-like site. Such sites have been found in promoters and enhancers for many chemokine and cytokine genes (45) . The 3 element in the TNF-␣ promoter, which behaves as a strong CsA-sensitive element in stimulated T cells, is the best studied example of a functional nonpalindromic B-like NFAT site (45, (55) (56) (57) . Consistent with our CX3CR1 chromatin immunoprecipitation results, electromobility shift analysis has shown that NFAT1 binds with a much higher affinity than NFAT2 to this site (55) (56) (57) . With regard to function, IL-2 and IL-15 have also been reported to increase and decrease NFAT activity, respectively, in the human T cell line Jurkat; however, the role of specific NFAT subtypes has not been defined (43) .
Taken together these results suggest a model in which negative regulation of CX3CR1 expression by IL-15 is mediated by NFAT1, whereas positive regulation of the same gene by IL-2 is mediated by NFAT2. We obtained direct evidence for this model and for its relevance in vivo from experiments in the mouse showing that intravenous IL-15 injection was able to suppress CX3CR1 mRNA in both PBMCs and splenocytes from NFAT1 ϩ/ϩ BALB/c mice but not in cells from NFAT1 Ϫ/Ϫ mice. Moreover, consistent with our chromatin immunoprecipitation results showing selectivity of IL-2 for recruitment of NFAT2 over NFAT1, IL-2 injection up-regulated CX3CR1 to a similar level in leukocytes from NFAT1 Ϫ/Ϫ mice and wild type BALB/c animals. It is important to note that mice unconditionally deficient in NFAT2 due to gene knockout are not viable in vivo (54) so that other approaches will have to be developed to test the role of this protein in IL-2 and IL-15 regulation of CX3CR1 in vivo. It is also important to note that additional mechanisms, possibly including other NFAT subtypes, evidently cooperate with NFAT to modulate constitutive CX3CR1 expression when leukocytes are stimulated with exogenous IL-2 and IL-15 because neither pharmacologic inhibitors, nor scrambling the Ϫ298 NFAT site, nor in vivo NFAT1 gene disruption succeeded in completely reversing the effects of IL-2 or IL-15. We have not yet defined a functional NFAT1-binding site in mouse cx3cr1 as we have in human; however, the mouse and human genes contain at least two stretches of conserved nonrepetitive, noncoding sequence upstream of the ORF, one of which is located in the human CX3CR1 proximal promoter we tested in vitro (47) . This homologous genomic region in mouse also contains two potential NFAT B-like sites located at positions Ϫ60 and Ϫ278 relative to the predicted tsp.
Our model departs from the classic NFAT signaling pathway, which is initiated by antigen receptor, Fc receptor, or G protein-coupled receptor triggering of sustained elevation of intracellular calcium ion in leukocytes, a critical step toward activation of calcineurin through a calmodulin-dependent mechanism. In the classic pathway, calcineurin promotes NFAT serine dephosphorylation, exposure of the nuclear translocation sequence, nuclear import, and activation (45, 58) . Cytokines do not classically induce sustained calcium flux, although IL-2 and IL-15 have been reported to induce transient calcium flux (59 -62) , and we have confirmed this (data not shown). We have also observed that IL-15 stimulation results in preferential dephosphorylation of serines in NFAT1, whereas IL-2 treatment induces prominent NFAT2 dephosphorylation. Because both cytokines reduce both serine phosphorylation of NFAT1 and NFAT2 and localization of these proteins with chromatin, we conclude that they activate NFATs, albeit to different degrees. Whether IL-2 and IL-15 can also activate NFAT by a calcium-independent mechanism is an important issue for future study.
NFATs are involved in transcriptional activation of numerous homeostatic and immunomodulatory cytokines including FIG. 9 . Sequence alignment of the proximal CX3CR1 promoter region in human and mouse. Alignment of sequence upstream of the tsp in human CX3CR1 with the corresponding mouse genomic sequence (mouse chromosome 9 genomic contig, GenBank TM accession number NT039482.2) is shown with sites predicted to bind NFAT transcription factors. Numbering on the left corresponds to the position relative to the tsp in human and mouse. Potential NFAT sites are numbered relative to their position to the tsp. Potential NFAT recognition sequences were identified by screening the TRANSFAC version 4.0 transcription factor data base (www.cbil.upenn.edu/cgibin/tess), and the alignment was conducted by using the GCG LITE GapGlobal Alignment of Two Sequences program (molbio.info.nih.gov/molbio/ gcglite). Dots indicate gaps inserted by the program to achieve the optimal alignment, and vertical lines indicate identical bases in both sequences.
IL-1 to IL-6, IL-9 to IL-13, granulocyte-macrophage colonystimulating factor, interferon-␣, -␤, and -␥, TNF-␣, TGF-␤, CXCL8, and CCL3, as well as apoptotic factors (Fas, Fas ligand, Bcl-x, and Bcl-2), and surface receptors such as CD40 ligand, CD69, CTLA-4, and IL-2R␣ (45). However, there are also reports of possible negative regulation, for example in the case of IL-13 (63), TGF-␤ (64), cyclin-dependent kinase 4 (CDK4) expression (65) , and now CX3CR1. In addition, a recent microarray analysis of CsA-treated T cells has revealed sets of both up-regulated and down-regulated genes (66, 67) , suggesting that NFAT may inhibit the expression of certain genes; however, known calcineurin-independent side effects of CsA preclude strong conclusions from these results. Most analysis of NFAT function has been restricted to inducible genes (45, 58) . In contrast, CX3CR1 is constitutively expressed on subsets of resting leukocytes, as described in the Introduction.
Classically, NFAT subtypes have been thought to have redundant functions (58) . However, experiments with knockout mice have shown that this is an overly simplistic model. NFAT2
Ϫ/Ϫ mice die in utero because of their inability to form cardiac valves and septum (54) , but NFAT2 Ϫ/Ϫ T cells, when evaluated by RAG-2 Ϫ/Ϫ blastocyst complementation, show only mildly impaired proliferation and a selective decrease in IL-4 production (68). In contrast, mice lacking NFAT1 develop normally and are immunocompetent with normal production of IL-2, IL-4, TNF-␣, and interferon-␥ by stimulated spleen cells but have moderate splenomegaly with relatively normal splenic architecture and distribution of splenocyte subsets (69) . Moreover, when the total number of splenic mononuclear cells was estimated, no difference in numbers of CD8 ϩ , CD4 ϩ , CD3 ϩ , and CD11b ϩ cells were observed between 6-and 14-week-old BALB/c and NFAT1 Ϫ/Ϫ mice or in the leukocyte immunophenotypes present in spleen and peripheral blood between 6-and 8-week-old BALB/c and NFAT1
Ϫ/Ϫ animals. However, NFAT1
Ϫ/Ϫ mice do have increased intrapleural eosinophils and serum IgE in a model of allergic inflammation and increased susceptibility to Leishmania major, with increased production of IL-4 and other Th2-type cytokines in both challenges (69, 70) . These results suggest that under certain conditions NFAT1 and NFAT2 may suppress and activate IL-4 gene transcription, respectively. Additional work will be needed to explain the specificity of IL-2 for NFAT2 and IL-15 for NFAT1, and whether these factors are directly responsible for activation and suppression of CX3CR1. Of note, these NFAT subtypes differ dramatically in distribution among leukocyte subsets and in expression level. NFAT1 is expressed in thymus, spleen, T cells, B cells, NK cells, eosinophils, monocytes, and macrophages and represents 80 -90% of total NFAT in resting immune cells (45, 58) ; NFAT2 is expressed less widely and, at least in some cell types (e.g. human NK cells), is not expressed unless cells are stimulated with immune complexes or undergo ligand-induced activation (31). ؊/؊ or NFAT1 ϩ/ϩ BALB/c mice with 2 g of IL-15 or 50,000 units of IL-2 per mouse, was analyzed by RT-PCR using mouse cx3cr1 or ␤ 2 -microglobulin ORF-specific primers (top and bottom panels, respectively). Each lane in A represents PBMC PCR products from a different mouse injected with the substance indicated at the top. C, the splenocyte PCR products are from the same mice as in A arranged in the same order. B and D, quantitation of the results shown in A and C, respectively. Densitometry was performed on each CX3CR1 PCR product, adjusting each for the corresponding ␤ 2 -microglobulin signal. The results are presented as the mean Ϯ S.E. of values from three mice per condition. Sk. mus, skeletal muscle RNA was used as a negative control.
The reported differences in affinity between NFAT1 and NFAT2 for B-like NFAT sites could have important effects on their ability to form specific transcription complexes. Assembly of transcription complexes on promoters and enhancers can occur as simple independent binding of different proteins to adjacent binding sites or at composite DNA elements, such as the ternary complexes of NFAT with AP-1, GATA, and ATF-2/ Jun (45) . The human TNF-␣ promoter 3 element is adjacent to an ATF-2/Jun site that binds dimers required for maximal function of the 3 site in reporter assays, although no stabilizing protein-protein interactions between NFAT1 and ATF-2/Jun bound to the contiguous sites have been described (55, 56) . Additional work will be needed to define whether such complexes are differentially assembled at the CX3CR1 Ϫ298 NFAT site by NFAT1 and NFAT2. This site is flanked by a potential ATF-2/ Jun at position Ϫ320 and at Ϫ278 by a potential AP-1 element.
To date our experiments have focused on the effects of exogenous recombinant human IL-2 and IL-15. The NFAT-dependent effects we have described suggest that prolonged exposure to IL-15 will cripple immune cell products in their ability to traffic in vivo to disease sites where the CX3CR1 ligand CX3CL1/fractalkine makes up a high percentage of the total resident chemoattractant activity. Before our initial report on IL-2 and IL-15 regulation of CX3CR1, Hanna and co-workers (30) have published a survey in which IL-15 was found to markedly down-regulate surface expression of multiple chemokine receptors on human peripheral blood CD16 Ϫ NK cells, including CXCR1, CXCR2, CCR1, CCR2, CCR3, CCR5, CCR8, and CX3CR1. Thus, the NFAT-dependent mechanism we have identified may be more generally relevant to chemokine receptors and could conceivably modulate expression of other classes of immunoregulatory genes.
In conclusion, our data are consistent with a model in which NFAT1 and NFAT2 proteins are differentially regulated in primary leukocytes by IL-2 and IL-15, respectively, and bind to the same Ϫ298 NFAT DNA element in the CX3CR1 promoter, whereupon NFAT2 acts to increase and NFAT1 to reduce CX3CR1 promoter activity and gene transcription. These findings are clinically relevant in the setting of adoptive immunotherapy of diseases such as cancer, where recombinant IL-2 is used and recombinant IL-15 is being considered for use to expand killer cells from PBMCs or tumor-infiltrating lymphocytes (33, 38, 42) . The findings may also be relevant during the normal immune response, in which the balance of NFAT1 and NFAT2 in cells could fine-tune expression of CX3CR1, and potentially other immunoregulatory genes, to promote appropriate cellular immune responses while avoiding pathologic overreactions. Finally, our data raise interesting new biochemical questions for future research regarding how IL-2 and IL-15 are able to differentially activate NFAT1 and NFAT2, and how these NFATs, acting at a common promoter binding site, are able to have opposite effects on transcriptional activity of the same gene.
